Nearest neighbour analysis of nucleotides in vertebrate DNA has revealed a marked deficiency in the frequency of occurrence of the sequence CpGp.
INTRODUCTION
Examination of nearest neighbour base frequencies in vertebrate DNAs using the technique of Josse, Kaiser and Kornberg has shown that the dinucleotide sequence CpGp occurs less frequently than would be expected simply from base composition considerations . This, together with subsequent analysis of dipeptide frequencies in sequenced proteins led Bullock and Elton to the speculation that CpGp may be under represented in vertebrate mRNA.
Our studies on HeLa cell hnRNA, a portion of which is believed to function as a precursor to mRNA, have revealed a marked deficiency in oligonucleotide sequences containing the dinucleotide CpGp . These studies using nuclease digestion followed by the standard fingerprinting techniques of Sanger, Brownlee and Barrell have now been extended in a search for sequence relationships of hnRNA to mRNA in cultured human cells (HeLa). In later experiments fractions corresponding to "medium" (55S-35S) and "slow" (35S-18S) sedimenting species (see Fig.2) were also precipitated and stored for analysis. Nuclear RNA was sedimented through 15-30$ sucrose gradients as described in the Experimental Procedures. From each 1.6 ml fractions 10 p.1 samples were taken. These samples were dried on aluminium planchets and counted in a gas flow counter.
In the initial experiments only fractions corresponding to "fast" sedimenting hnRNA were analysed (i.e.>55S). In later experiments the fractions corresponding to "medium" (55S-35S) and "slow" (35S-18S) sedimenting species were also Dooled and analysed.
PP. labelled 28S rRNA Preparation J PO. labelled 28S rRNA was prepared from the cytoplasm of cells labelled with ' PO. for 18 hr by the method described by Robertson and Maden Oligonucleotide Analysis of PO, labelled RNAs In most experiments 10-20 M-g of PO. labelled RNA were lyophilised and then digested, either with (a) T 1 RNAase (Calbiochem), at an enzyme to substrate ratio of 0.1 in 0.01 M Tris-HCl (pH 7.4), 0.001 M EDTA for 30 min at 37°C or (b) with T 1 RNAase and bacterial alkaline phosphatase (Worthington) at an enzyme to substrate ratio of 0.1 for T 1 RNAase and 0.2 for alkaline phosphatase in 0.2 M TrisHCl (pH 8.5) for 60 min at 37°C. The components of the digest were separated by electrophoresis in the first dimension on cellulose acetate strips at pH 3.5 (5# acetic acid, 7M urea) and ionophoresis in the second dimension on DEAE proper (Whatman DE 81) in 7# formic acid, as described by Sanger et al. 5 Analysis of mRNA for pseudouridine was carried out as follows. ' 2 Quantitative analysis of Relative Oligonucleotides Molar Frequencies After two dimensional electrophoresis, fingerprints were marked with S -containing ink and cut to X-ray film size. Kodirex KD54T film, 35x43 cm, was used for autoradiography. The films were left in contact with the fingerprints for 10-14 days before processing.
Fingerprints were placed over the X-ray films on an X-ray film viewer and the outline of the spots to be examined marked in pencil. Identification of spot sequences was by comparison to earlier fingerprints by Sanger et aJL and by base analysis in the case of simple oligonucleotides and by partial venom digestion for more complex sequences . These spots were cut out and placed in scintillation vials with 10 ml of toluene-PPO scintillation fluid (5 g/l). The relative oligonucleotide frequency was obtained by dividing the radioactivity in each spot by the radioactivity present in the spot for G (plus any radioactivity present as cyclic G ). This is converted to relative molar oligonucleotide frequency by dividing the relative oligonucleotide frequency by the number of nucleotides present in its sequence.
Theoretically expected molar yields were calculated relative to 100 for GMP plus cyclic GMP as described by Fraser £t al » and by Hughes and Maden .
RESULTS
The preparations of J PO, labelled hnRNA and mRNA were digested with T 1 RNAase and the resulting oligonucleotides were compared by electrophoresis in two dimensions following the technique of Sanger and his colleagues • 1) General Description of T 1 Fingerprints Figure 3 shows the result of the "fingerprint" analysis of the products of T 1 RNAase digestion of PO, labelled 28S rRNA (see experimental section for preparation), mRNA and hnRNA. On inspection of these fingerprints it will be noticed that while 28S rRNA gives discrete spots corresponding to certain oligonucleotides , the fingerprints for hnRNA and mRNA show a much more complex picture and appear to have spots corresponding to isomers of every possible oligonucleotide composition. This complexity is especially evident in the longer sequences where the discrete spots on the X-ray film corresponding to oligonucleotides merges into a general darkening of the film corresponding to the many isomers present .
Ribosomal RNA and its precursors contain numerous methylated nucleotides. Several are clearly resolved in T 1 digests of PO. labelled rRNA and precursor rRNA as described IK by Maden and Salim . Transfer RNA also contains methylated and other unusual nucleotides including pseudouridylic acid. Examination of the present T.. RNAase "fingerprints" of mRNA and hnRNA does not reveal any oligonucleotides corresponding to the methylated oligonucleotides characteristic of rRNA. This indicates that there is no significant contamination of the 52 P0,. labelled mRNA or 52 PO. labelled hnRNA preparations by any J PO, labelled rRNA. The question of whether HeLa m R N A or hnRNA contain methylated nucleotides cannot of course be answered from these data. mRNA was also analysed for pseudouridine content as described in EXPERIMENTAL PROCEDURES, and was shown to contain none. Thus the possibility of tRNA contamination can be also excluded.
2) CpGp Deficiency
From inspection of Figure 3 it will also be noted that the two isomers ApCpGp and CpApGp apparently occur in roughly 00°F igure 3. T RNAase fingerprints of HeLa Cell 28S rRNA and hnRNA. RNA was prepared and fingerprinted as described in the EXPERIMENTAL PROCEDURES. First dimension, right to left, cellulose acetate, pH 3.5 (5% Acetic Acid, 7 M Urea). Second dimension, downwards, DEAE paper, 7% formic acid. Several 28S rRNA methylated products are numbered and marked black in Figure 3D , the 28S rRNA Key. The sequences of the products were determined previously24. equal amounts in the 28S rRNA "fingerprints". However in the hnRNA and the mRNA fingerprint it will be seen that the ACG isomer is deficient. This observation can also be seen by looking at the isomers UpCpGp and CpUpGp.
To show that this apparent deficiency of the sequence CpGp is a general trend and not simply confined to small oligonucleotides, hnRNA was digested with both T 1 RNAase and alkaline phosphatase prior to fingerprinting. This modification in technique permits the separation of longer oligonucleotides, particularly those containing two or more uridylate residues . Figure 4 shows the fingerprints obtained when 28S rRNA, mRNA and hnRNA are analysed after digestion with both T.. RNAase and alkaline phosphatase.
Once more the general characteristics observed for digests using T.. RNAase alone can be seen in these fingerprints. Partial sequence analysis of selected spots, using limited digestion with snake venom phosphodiesterase (N.W. Fraser, unpublished results) indicate that oligonucleotides terminated by CpGp tend to run fastest of a set of isomers during the second dimension of ionophoresis. Also, it will be noted from inspection, that of the three tetranucleotides with empirical formula (UpUpCp)Gp, the sequence UUCG is present in substantially the lowest yield in both mRNA and hnRNA "fingerprints". Similarly with the pentanucleotide isomers of (CpCpUpUp)Gp, the CpGp terminated isomers are deficient in the mRNA and hnRNA "fingerprints".
Thus the CpGp deficiency first noticed in short oligonucleotides from T 1 RNAase digestion of hnRNA appears to be a general trend.
3) Quantitation of Oligonucleotides
When quantitating the molar yields of oligonucleotides in fingerprints of a discrete RNA molecule such as 28S rRNA it is possible to exploit the fact that certain oligonucleotide sequences occur only once per molecule. For heterogeneous populations of molecules such as mRNA or hnRNA this cannot be done. Nevertheless relative molar oligonucleotide frequencies can be determined. These are presented in Tables 1-3 as molar oligonucleotide frequencies relative to 100 for GMP plus cyclic GMP (see Experimental Procedures for analytical procedure).
In addition, theoretical relative molar oligonucleotide frequencies can be calculated from the base composition of an RNA species, assuming random nearest neighbour relationships between nucleotides within the limits imposed by the base composition. Thus the proportions of radioactivity present in various oligonucleotides are given by the formula, (length of sequence) X (product of base compositions) X (proportion of base as Gp). Comparison of actual experimental oligonucleotide frequencies with theoretically expected values can be used to give an indication of whether an RNA species contains a deficiency or abundance of certain oligonucleotide sequences. Table 1 shows the relative molar oligonucleotide frequencies of T 1 RNAase digests of 28S rRNA, mRNA and hnRNA. Prom these data it can be seen that although there is a large deficiency in CpGp containing oligonucleotides in hnRNA bhere is a less noticeable deficiency in the mSNA data. More precisely, the CpGp deficiency seen in the CpGp,CpCpGp,...• (Cp) Gp series of oligonucleotides in T.. RNAase digests of hnRNA does not seem to be present in mRNA.
Another notable difference between the digestion products of mRNA and hnRNA concerns the occurrence of the isomers UpApGp and ApUpGp. In the case of mRNA the product UpApGp occurs in considerably lower yield than ApUp&p. Whilst a similar inequality is found in polio virus/^MC virus RNAs, this is not the case for HeLa hnRNA.
Despite the lack of any obvious sequence relationship between hnRNA and mRNA from these data it should be pointed out that the hnRNA studied so far was selected as that sedimenting 16 17 greater than about 55S. Current hypotheses ' 'on the crther hand suggest that (a) the bulk of mRNA is actually derived from polyadenylated hnRNA species (i.e. the fraction of hnRNAs which have polyA 20Q tracts at their 3'-termini) and (b) that a series of strand cleavages are involved yielding intermediates of progressively smaller molecular size. However when hnRNA containing Poly (A.) was prepared from fast sedimenting hnRNA by binding to 'mlllipore' filters , T 1 RNAase digest "fingerprints" show little if any significant difference from the bulk fast sedimenting hnRNA (Table 2 ) . Moreover T., RNAase digests of hnRNA species that sediment between 55S and 35S, and between 35S and 18S are also not significantly different from those of the total fastsedimenting material (Table 3 ) . DISCUSSION
The CpOp deficiency in HeLa cell hnRNA is of particular interest in view of the finding that the CpGp 'doublet' occurs very infrequently in the vertebrate genome.
Knowing the nearest neighbour doublet frequencies for human nuclear DNA and assuming the occurrence of each base in an oligonucleotide depends only on the frequency of its nearest neighbours, we can calculate the frequency of any given oligonucleotide X 1 , X 2 ....X i (where X. represents a base) by
p (
x n / X n-i)» where P(Y/X) is the probability that the base Y follows base X. The prediction of relative molar frequencies of oligonucleotides in a T 1 RNAase digest of a hypothetical random transcript of total human nuclear DNA is shown in Table 4 . The observed relative molar frequencies of nucleotides from a T.. digest of hnRNA are also shown in Table 4 . There is a good correlation between the observed hnRNA values and the predicted values, suggesting that hnRNA is a fairly typical transcript of sites on human nuclear DNA of characteristic doublet composition (i.e. with the low level of the 'doublet' CpGp). On the other hand it is known that the small proportions of the vertebrate genome that specify, for example rRNA, tRNA and 5S RNA, do not show this marked deficiency of the CpGp 'doublet' ' 1^. However Russell and Subak-Sharpe find that both intermediary repetitive and non-repetitive mammalian DNA have 'doublet' patterns similarly deficient in the CpGp doublet as average nuclear DNA.
Whilst it appears that hnRNA from HeLa cells is transcribed from interspersed repetitive and non-repetitive 20 sequences , the results obtained on relative oligonucleotide frequencies from the T.. digests of hnRNA may not be too surprising. The mRNA fraction from HeLa cells on the other hand has been found to contain a small amount of transcripts of repetitive DNA but mainly comprises transcripts of non- Table 1 Relative Experimentally determined yields are followed by theoretically expected yields (parentheses). Both are calculated relative to 100 for Gp plus cyclic Gp as described in the text. The results for hnRNA are the average of 5 independent experiments and forfA + )hnRIIA are the average of 2 independent experiments. (The theoretical values are calculated from the base compositions).
Relative molar oligonucleotide frequencies in TnRHAase digests of variously sedimenting classes of He La hnBNA "fast" •medium" "Slow" "fast" "medium"
•slow" "fast" "medium" "slow" "fast" "medium" "slow" "fast" "medium" "slow" "fast" "medium" "slow" Experimentally determined yields are followed by theoretically expected yields (parentheses). Both are calculated relatibe to 100 for Gp plus cyclic Gp as described in the text.
These results are the average of 5 independent experiments for the "fast" (>55S) and "medium" (55S-35S) sedimenting fractions and 4 indpendent experiments for the "slow" (35S-18S) sedimenting fractions. (The theoretical values are calculated from the base compositions). Table 4 The predicted relative molar frequencies of oligonucleotides in a T. RNAase digest of a hypothetical random transcript of total human nuclear DNA compared with that observed for HeLa hnHNA ••These are the observed frequencies from In view of these data it is important to consider the significance of the 'doublet' frequency patterns of vertebrate DNAs with their characteristic non-random shortage of CpGp. This characteristic has presumably remained virtually unchanged despite the divergent evolution of the various vertebrates from a common ancestor. On the other hand it appears, at least in cultured human cells (HeLa) , that the sequences which give rise to mRNA do not show the same CpGp shortage.
Whilst hnRNA does appear to be transcribed from the nonrandom CpGp deficient sequences in the HeLa genome its role within the cell is unclear. As already mentioned considerable evidence has led to the belief that a portion might function as a precursor to mRNA. Unfortunately our data have so far indicated little sequence relationship even between slow sedimenting or polyadenylated hnRNA species labelled for 3 hr and mRNA.
Of course the 'slow' sedimenting species may well contain a variety of hnRNA molecules ranging from those of approximate mRNA dimensions up to those three (or even four) times the size of HeLa mRNA (which sediments heterogeneously but with a peak around 16S and has a number average molecular 22 weight of 640,000 ). Thus nuclear processing involving the non-conservation of the very CpGp deficient sequences to yield the mRNA pattern whilst not obvious from the data, cannot easily be ruled out at present bearing in mind the accuracy with which oligonucleotide frequencies can be obtained (see Table  1 -3) .
Alternatively the sequence data presented might be used as an argument against an mRNA precursor role for the bulk of the fast or slow sedimenting species of hnRNA so far analysed. Genuine precursors with sequence similarities may well exist in the slower sedimenting regions but comprise only a small proportion of the total hnRNA there and so escape detection in our studies. In this context it should be noted that a subfraction (about 10$) of HeLa cell hnRNA has recently been isolated from chromatin and characterised by Penman's group. Although it sediments around 268 and is thus much smaller than the bulk of HeLa hnRNA it appears to be a primary transcription product, and have additional kinetic properties more characteristic of a genuine mRNA precursor. The distinction between 22 this smaller hnRNA fraction (now termed Shn by Penmans group ) and the remainder of the cellular hnRNA thus clearly require further investigation. Moreover whatever the function(s) of the bulk of hnRNA it is clear that considerable selective forces have been operative in conserving the distinctly nonrandom sequence characteristics (CpGp deficiency) during evolution.
